ABSTRACT For low-temperature atmospheric pressure plasma treatment applications, we developed a novel rotating arc jet operated using various gases, including ambient air. We demonstrate the operation of plasma via the injection of various gas mixtures and tune operation parameters to achieve a low-temperature gas output from the arc jet. The rotating arc jet has an efficiency two orders of magnitude higher in the generation of reactive oxygen and nitrogen species than commercially available conventional nonequilibrium atmospheric pressure plasma jets operated with He or Ar gases. The high concentration of reactive species and use of ambient air as a process gas is promising for biomedical and agriculture applications. This work is a step toward the commercial use of plasma jets operated with ambient air.
I. INTRODUCTION
Atmospheric pressure plasma treatment has attracted a substantial amount of attention due to its many possible applications, such as cancer treatment, wound healing, seed germination, plant growth promotion and surface activation [1] - [10] . For possible biomedical applications, maintaining the temperature of the gas close to room temperature is important to avoid thermally damaging the target [6] , [11] - [14] . The perfect solution for avoiding thermal damage is to use nonequilibrium atmospheric pressure plasmas, which feature high electron energies and low temperature of the gas. The most common types of lowtemperature atmospheric pressure plasmas used for biomedical applications are dielectric barrier discharge (DBD) plasma and nonequilibrium atmospheric pressure plasma jets (NEAPPJs) [1] , [6] , [7] , [11] , [15] , [16] . A major drawback of both DBD plasma and NEAPPJs is the low concentration of the produced reactive oxygen and nitrogen species (RONS), which play a key role in the bactericidal effect, wound healing, and plant growth promotion [5] , [10] , [11] , [17] - [23] . Another important problem is the strict requirements placed on the injected gases and the experimental conditions during
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the generation of nonequilibrium atmospheric pressure plasmas. In most cases, process gases such as He and Ar are required for the stable operation of the plasma [5] , [18] , [19] , [24] . In the case of NEAPPJ, the small jet nozzle diameter and the relatively high gas flow rate result in a complex gas flow and turbulence at the exhaust of the plasma jet [25] - [27] . The turbulent gas flow and small size of the plasma complicate the uniform treatment of large targets and powders. The low efficiency of nonequilibrium plasmas results in an increase in the duration of the treatment and introduces substantial limitations for practical applications. The requirement for special gases and problems with scaling render treatment costly and limit conventional NEAPPJs to laboratory studies and research applications. Considering the high price of process gases, the perfect solution would be the development of a high-density plasma jet operated with the flow of natural air; however, the generation of high density and low temperature plasma in ambient air remains challenging [22] , [24] , [28] - [30] . Several studies reported the development of plasma jets operated with natural air; however, in all the reports, the plasma jets encountered the problems that were discussed above (complex gas flow, low concentrations of RONS, and problems with scaling) and relatively high plasma temperature, thereby resulting in thermal damage to the device [29] , [31] . A possible solution to the problem of the low RONS production rate is using nonequilibrium atmospheric pressure radical sources (NEAPRSs) reported elsewhere with high density of plasma, featuring high concentrations of produced reactive species and short treatment duration [10] , [32] . However, NEAPRS requires high Ar gas flow (more than 4 slm) for stable operation, resulting in complex gas flow and high treatment cost, similar to NEAPPJ.
Many studies have been conducted on rotating gliding arc discharges for decomposition of CO 2 , which featured high plasma density and moderate gas temperature, appearing promising for solving the problem [33] - [37] . However, typically, vortex gas flow is used to rotate the arc, which is not convenient for the treatment of biological targets and powders [33] , [36] . A possible solution is to use a magnetically stabilized gliding arc discharge (MSGAD), which was applied to improve fuel combustion [34] , [35] . In the present study, we developed a portable ambient air rotating arc jet (RAJ) that has a similar configuration to MSGAD and we tuned the parameters to achieve relatively low gas temperature at the output of the jet (below the regulated 37 • C maximum temperature for application to the human body) [31] , [38] . The use of a magnetic field enabled the confinement of plasma at the same point inside RAJ, thereby enabling the safe treatment of targets by reactive species while avoiding contact with the plasma, which could be essential for biomedical applications.
II. EXPERIMENTAL SETUP
The experimental setup is illustrated in Figure 1 . A discharge gap was organized between the rod (1.5 mm in diameter) and ring (7 mm in inner diameter) electrodes via the introduction of the rod electrode into the center of the ring electrode. The ring electrode was grounded and surrounded by ring SrCo magnets (SR0001, Magfine Co., Sendai, Japan) for rotation of the arc in the discharge gap. The rotation of the arc enabled the uniform treatment of the gas that was introduced into the RAJ and improved the heat dissipation into the ring electrode. A pulsed arc discharge was generated by applying a positive unipolar high-voltage impulse to the rod electrode using a custom power supply consisting of a regulated direct current power supply (DC PSU), push-pull generator, high-voltage transformer, diode rectifier, and reservoir capacitor. A water cooling system was developed to prevent heating and erosion of the ring electrode. Current and voltage waveforms were measured using a high-voltage probe (P6015A, Tektronix, Beaverton, OR, USA) and a current monitor (2877, Pearson Electronics Inc., Palo Alto, CA, USA) and stored in a digital oscilloscope (TBS2000, Tektronix, Beaverton, OR, USA).
Deionized (DI) water (18.2 M · cm at 25 • C) was produced by the Direct-Q 3UV system (Millipore, Tokyo, Japan). For comparison, DI water was treated using the developed RAJ and a commercially available NEAPPJ (PN-110/ 120TPG, NU Global Co., Ltd., Nagoya, Japan) or NEAPRS (Tough Plasma FPA10, Fuji MFG Co., Ltd., Tokyo, Japan). See Supplementary Data for more information about NEAPPJ and NEAPRS. Treatment parameters for RAJ were 5-35 W of input power and various mixtures of Ar, N 2 , O 2 , and He gases in varying proportions and total gas flow of 0.1-1 slm. For NEAPRS, a mixture of Ar, N 2 , and O 2 gases with total flow ratio of 5 slm as recommended by manufacturer was used. In both cases, the distance from the output of RAJ or NEAPRS to the surface of the treated liquid was set to 10 mm to produce identical conditions. In the case of NEAPPJ, He or Ar gas with a flow of 3 slm was used, distance from output of NEAPPJ to the surface of treated liquid was set to 20 mm, resulting in contact of plasma with the surface of the liquid to ensure effective delivery of RONS.
The concentrations of long-living RONS in the produced plasma-treated water (PTW) were measured using deep ultraviolet absorption spectroscopy (DUVAS) and the deconvolution analysis of the absorption spectra of PTW using the automated curve fitting program reported elsewhere [5] , [18] , [19] .
The spectrophotometer (SolidSpec-3700 DUV, Shimazu, Kyoto, Japan) was operated with a fixed spectral resolution of 0.2 nm and a fixed scan speed. Measurements were performed in quartz cuvettes (S10-G-10, GL Sciences Inc., Tokyo, Japan) with an optical path length of 10 mm. The transmittances of DI water and PTW were measured with an empty cuvette as a reference. The transmittance spectra of pristine DI water (T) and PTW (T') were converted into absorbance using Equation (1):
(1)
The highly reactive molecules generated in water, such as OH• and peroxynitrite (ONOO -) were expected to be extinguished in PTW before the measurements considering their short half-life of less than 1 s. The longer-lived molecules, such as H 2 O 2 , NO 2 -, and NO 3 -, remained in PTW after the treatment due to their long half-life. Measurements were recorded immediately after irradiation to avoid possible changes in concentrations of RONS caused by chemical reactions. In this study, the absorbance of PTW was measured in a wavelength range from 190 to 300 nm and the absorption spectra of PTWs were deconvoluted into the spectra of longliving H 2 O 2 , NO 2 -, NO 3 -, and O 2aq . Figure 2 depicts an example of the deconvolution. The absorbance at the wavelength λ for molecule X is given by Equation (2), where ε(λ) is the molar absorption coefficient, l is the optical path length, and c x is the concentration of the molecule X:
The concentration of each molecule can be calculated using the absorbance obtained from deconvolution and Equation (2).
To compare the performance of the RAJ under operation using ambient air versus other gas mixtures, the effects of the gas flow ratio and composition on the concentrations of the produced RONS were analyzed. The following conditions were found to be most effective for the production of RONS: Ar 400 sccm, N 2 90 sccm, and O 2 10 sccm. These conditions were used in all experiments employing the Ar, N 2 , and O 2 gas mixture described below. For more details about the optimization of the gas flow, please refer to the Supplementary Data.
The pH and temperature of the treated water were measured using a pH meter (S SevenCompactTM pH/Ion, METTLER TOLEDO, Columbus, OH, USA) and a probe (InLab Pure Pro-ISM, METTLER TOLEDO, Columbus, OH, USA) immediately after irradiation.
A survival test of Escherichia coli (E. coli) was performed to evaluate the bactericidal efficacy of treatment by RAJ. We treated 4 mL E. coli samples with a bacteria concentration of approximately 1 × 10 7 mL −1 using RAJ and the number of E. coli surviving after treatment was determined using the colony count method. A 0.3-mL E. coli suspension was mixed with 2.7 mL of pristine DI water as the control. Analyzed suspensions of E. coli were diluted and samples of 0.1 mL were spread onto nutrient agar medium (DifcoTM, BD, Franklin Lakes, NJ, USA) and cultured at 37 • C for 24 hours. The number of E. coli surviving after the treatment was estimated using colony forming units (CFU) assay.
III. RESULTS AND DISCUSSION

A. GENERATION OF DISCHARGE
Typical current and voltage waveforms for the RAJ when it is operated using a gas flow of Ar + N 2 + O 2 and variable input power are presented in Figure 3 . For an input power of 10 W (DC voltage 6 V and current 1.7 A) supplied to the push-pull generator by a DC PSU, repeated spark discharges with the same interval were observed. Due to a small current during the discharge, the magnetic field that was provided by the ring magnets was insufficient for the rotation of the plasma, and stationary filaments were observed in the same spot in the discharge gap (Figure 1Sa, supplementary data) . Similar discharge behavior was observed in the input power range of 5 to 13 W. However, for an input power of 14 W, both spark discharges and occasional arc discharges were generated. With arc discharges, rotation of the arc was observed; however, the rotation was randomly interrupted by a series of stationary spark discharges. The number of spark discharges decreased as the input power increased and a stable repulsing arc discharge was generated at an input power of 20 W (DC voltage 8 V and current 2.5 A), as shown in Figure 3 . At an input power of 20 W, the current of the arc was sufficiently high for the discharge to be effectively rotated in the gap by the magnetic field, resulting in the formation of a uniform ring-shaped plasma (Figures 1Sb,c, supplementary  data) . Further increasing the input power to 125 W, which was the limit of the power supply, did not change the type of discharge; however, an increase in the power resulted in a decrease in the discharge voltage and an increase in the average current during the pulse. For example, as the input power increased from 20 to 35 W (DC voltage 12.7 V and current 2.75 A), the peak voltage decreased from 960 to 700 V and the average current increased from 26.1 mA to 32.4 mA during the pulse, as shown in Figure 3 . The increase in the current resulted in increases in the optical emission intensity and the rotational speed of the discharge. If other gas mixtures are used, the minimum energy for the generation of a stable rotating arc could change. For example, the minimal input power for a stable rotating arc was 12 W in the case of an Ar (490 sccm) and O 2 (10 sccm) gas mixture, whereas the minimal input power was 35 W for ambient air (500 sccm).
Therefore, the discharge parameters and the gas flow should be tuned according to the gas mixture employed. From the current and voltage waveforms (for input power in the range of 20 to 40 W), we estimated that only approximately 50% of the power was delivered to the plasma due to losses in the transformer and generator circuit, and heating of the electrodes.
For uniform irradiation of the gas passing through the gap and effective generation of RONS, the use of higher input powers is promising due to the increase in plasma density and the faster rotation of the arc in the gap; however, the increase in the input power results in an increase in the temperature of the arc, and could result in the rapid heating and melting of the electrodes. A water cooling system was applied to reduce the temperature of the ring electrode, and at an input power of 35 W, the temperature of the electrodes and the parts connected to them could be maintained below 40 • C ( Figure 2S, supplementary data) . As a result, the temperature of the gas and treated sample could be maintained below 37 • C. As shown in Figure 4 , during the treatment by RAJ at the input power of 35 W and ambient temperature of 19 • C, the temperature of the 3-mL DI water sample increased during first 10 minutes and then stabilized at about 25 • C after 15 minutes of treatment, indicating the low effluent temperature of the RAJ. The low temperature of the gas was confirmed by exposure of a thermocouple to the output of the RAJ. After 15 minutes of irradiation, the measured temperature was 29-30 • C. Therefore, the temperature of the gas at the output of the RAJ could be maintained below 37 • C, which is safe for the human body and could be used in medical applications. However, the temperature of the effluent could exceed 37 • C in the case of higher ambient temperatures; therefore, increasing the input power would require an improved cooling system and further tuning of the gas flow ratio.
B. ANALYSIS OF THE CONCENTRATIONS OF RONS
The operation of the RAJ using ambient air is promising for practical applications in medicine and agriculture due to the low operational cost. To compare the operation of the RAJ with the flow of ambient air versus a gas mixture of Ar + N 2 + O 2 in terms of the efficiency of generating RONS, 3 mL DI water was treated using the RAJ for two minutes under various conditions and the concentrations of RONS in the treated samples were estimated via deconvolution of the absorption spectra. The estimated concentration of RONS as a function of the input power is presented in Figure 5 . We found that the highest concentration of RONS in PTW was produced when the RAJ was operated at an input power of 35 W with 0.25 slm air, and the concentrations of H 2 O 2 , NO 2 -, and NO 3 -were estimated to be 115.5, 68, and 2.9 mg/L, respectively, while the concentration of dissolved O 2aq was below the detection limit. According to the low level of dissolved O 2aq , the amount of ozone that was produced by the RAJ is negligible, which is possibly due to the high temperature of the arc plasma. The pH of the liquid decreased gradually as the duration of treatment increased (Figure 6 ) from 6.7 for pure DI water to 3.4 after two minutes of treatment, demonstrating the high concentration of NO x in the sample. At input powers less than 35 W, the concentration of the produced RONS gradually decreased due to the lower energy of the plasma and the less effective treatment of gas, which was due to the lack of rotation of the discharge.
Surprisingly, in the case of RAJ operation using the Ar + N 2 + O 2 gas mixture, the concentrations of the produced RONS were approximately four times lower (27.1 mg/L H 2 O 2 , 13.9 mg/L of NO 2 -and 0.5 mg/L of NO 3 -) after treatment with the same input power of 35 W. Moreover, concentrations of RONS were approximately 3 times smaller even in the case of not optimal flow rate of air same to total flow rate of Ar + N 2 + O 2 mixture of 0.5 slm (83.3 mg/L of H 2 O 2 , 50.9 mg/L of NO 2 -and 0.56 mg/L of NO 3 -for 0.5 slm of air). The use of a gas mixture with Ar enables the generation of stable rotating arc at lower input powers; however, it decreases the efficiency of RONS generation, which may be due to the approximately 5 times smaller amount of O 2 and 2 times smaller amount of N 2 comparing to 250 sccm of air. At low input powers of 5 and 10 W, the concentrations of the produced RONS were decreased, similar to the case of operation by ambient air. Regardless of whether the RAJ was operated with ambient air or the Ar + N 2 + O 2 gas mixture, for variable values of the input power, the concentration of O 2aq was below the detection level; hence, an extremely small amount of ozone is produced by the RAJ. To obtain reliable comparison NEAPRS was operated using mixture of 4.75 slm of Ar, 200 sccm of N 2 and 50 sccm of O 2 , which is similar to 0.25 slm of air in terms of supplied N 2 and O 2 required for production of RONS. Concentrations of H 2 O 2 , NO 2 -and NO 3 -in 3 ml of DI water treated by NEAPRS were estimated of 32.9, 1.3, and 12.4 mg/l respectively. Ratio of NO 2 -and NO 3 -concentrations was opposite to the PTW treated by RAJ owing to difference in type of plasma and structure of devices; however, total amount of produced reactive species was about 4 times smaller in the case of NEAPRS comparing to RAJ. Considering higher power consumption of NEAPRS (about 50 W) it could be concluded that RAJ is more effective for production of RONS.
In the case of treatment by NEAPPJ concentrations of RONS were two orders of magnitude lower (5.13 mg/L of H 2 O 2 , 0.21 mg/L NO 2 -, and 0.2 mg/L NO 3 -for 3 slm He; and 5.57 mg/L H 2 O 2 , 0.37 mg/L NO 2 -, and 0.15 mg/L NO 3 -for 3 slm of Ar) compared to RAJ operated with 0.25 slm air. Additionally, considerably small concentrations of RONS in water treated using NEAPPJ were reported elsewhere (up to 890 µg/L H 2 O 2 , up to180 µg/L of NO 2 -, and up to 410 µg/L of NO 3 -), confirming the high efficiency of the developed RAJ compared to commonly used NEAPPJ [5] , [16] - [18] , [23] . Even for reported plasma jets operated with air (9.3 mg/L H 2 O 2 and 4 mg/L NO 2 -) [20] , [31] , direct exposure to the plasma in ambient air (1 mg/L H 2 O 2 , 0.5 mg/L NO 2 -, and 1.6 mg/L of NO 3 -) [3] , or treatment with an ambient air gliding arc (4.5 mg/L H 2 O 2 and 30 mg/L NO 3 -) [29] , the concentrations of RONS were considerably lower than in the case of the RAJ being operated by air.
C. INACTIVATION OF E. COLI
High concentrations of RONS produced by the RAJ are promising for agricultural or medical use; a possible application is the sterilization of bacteria. To evaluate the bactericidal efficiency of treatment by the RAJ, 4 mL of suspension of 10 7 E. coli per 1 mL was treated using the RAJ and the number of surviving E. coli was estimated via a CFU assay. We confirmed via thermographic observation that the suspension was not heated by the irradiation to a temperature harmful for E. coli ( Figure 3S , supplementary data), thereby ensuring that heating was not involved in the sterilization process [39] . Figure 8 shows the number of surviving E. coli after treatment by the RAJ under the operation of the flow of ambient air or an Ar + N 2 + O 2 gas mixture at an input power of 35 W and NEAPRS as a function of the irradiation time. The number of E. coli decreased as the irradiation time increased in both cases. Due to the higher concentration of produced RONS when the RAJ was operated by the flow of ambient air, the concentration of E. coli decreased to the detection limit after five minutes indicating sterilization of the bacteria. For NEAPRS, the concentration of surviving bacteria gradually decreased with increasing treatment duration and reached detection limit after 10 minutes of irradiation. In contrast, bacteria remained at a concentration of approximately 2000 CFU/mL in the case of 10 minutes irradiation using RAJ with the Ar + N 2 + O 2 gas mixture.
A clear correlation between the observed concentrations of RONS and the bactericidal effect of treatment by RAJ and NEAPRS was observed. An increase in concentration of reactive species resulted in an increase in efficacy of killing the bacteria [20] , [31] , [40] .
Under operation by the flow of ambient air, the RAJ features extremely high efficiency, low production and operating costs, low temperature of the effluent gas, and low concentration of the produced ozone; hence, it could be used in practical biomedical and agricultural applications. The operation at a low gas flow ratio (0.1-1 slm) and the relatively large diameter of the tube prevent problems with complex gas flow and turbulence, which could be essential for the treatment of large targets and powders. However, further improvement in the construction and fine tuning of the gas flow and discharge conditions are required for precise control of the concentration of the produced RONS.
IV. CONCLUSION
In summary, we developed a portable RAJ and tuned the operation conditions to ensure the low temperature of the gas at the output of the jet. The stable operation of the RAJ was confirmed with various mixtures of Ar, N 2 , and O 2 gases and ambient air; however, the discharge parameters should be adjusted for each gas mixture to ensure the stable rotation of the arc. When operated by ambient air, the RAJ produced RONS with high efficiency and the concentrations of RONS in PTW that was produced by the RAJ were two orders of magnitude higher compared to the commercially available He NEAPPJ. A strong bactericidal effect of treatment with RAJ was confirmed by treatment of E. coli. The low temperature of the gas, low gas flow rate, and confinement of plasma by magnets enabled the safe treatment of biological targets by reactive species, avoiding contact with the plasma and thermal damage. 
